Introduction Crystallographic background
A mineral was discovered in the early 1880s, which when 'tested under the microscope proved to be fully isotropic. A few faces found on one crystal seemed to belong to cube and octahedron, and particles detached from the same are isotropic in action in polarized light.' The constituents determined then were tabulated as: Al 11.40%, Ca 0.72%, Mg 0.22%, K 28.94%, Na 9.90%, F 46.98%, and the remaining 1.84% was unspecified. The name 'elpasolite' was derived from that of El Paso county in Colorado State where the sample was found (Cross, Hillebrand, 1885 ).
An early powder diffraction study initially assigned the original elpasolite, K 2 NaAlF 6 , to space group Pa 3 3 (Menzer, 1932 ) and powder X-ray diffraction (PXRD) studies later did not disagree (Náray-Szabó, Sigmond, 1941; Frondel, 1948 ). An optical study of single crystals of K 2 NaMF 6 , (M ¼ Cr, Fe, Ga) showed that all three compounds are optically isotropic, hence cubic, with PXRD studies indicating space group Fm 3 3m as the likely one for the Cr homologue (Knox, Mitchell, 1961) . A definitive study using laboratory-grown single crystals and PXRD concluded that both synthetic K 2 NaAlF 6 and the natural mineral are face-centred cubic (fcc), with Fm 3 3m as the probable space group, and deduced that some of the lines reported earlier and not indexed using a face-centred cubic lattice were attributable to Cu K b X-rays (Morss, 1974) . The lower-symmetry cubic space group, Pa 3 3, has not been reported since.
The series of salts, Cs 2 NaMCl 6 , M ¼ Y, LaÀGd, Dy, Er, Tm, Lu (Morss, Siegal, Stengler, and Edelstein, 1970) and Ln ¼ Tb, Ho, Yb (Amberger, Fischer, Rosenbauer, 1976; Meyer, Linzmeier, 1977) , was investigated at room temperature by PXRD. The 1970 study reported that the X-ray powder patterns of all compounds investigated could be indexed on the basis of a fcc lattice and the intensities observed were consistent with space group Fm 3 3m with heavy atoms on special positions (e.g. 0, 0, 0; 1 = 4 , 1 = 4 , 1 = 4 ; etc.) in this space group. The two later studies confirmed that the remaining members of the series belonged to the same structural type.
The unit cell of the elpasolite-structured K 2 NaCrF 6 , but not so named, was illustrated by Knox and Mitchell (1961) who mention the derivation of the structure from perovskite as a doubling of the unit cell of the latter in all 356 Z. Kristallogr. 222 (2007) 356-364 / DOI 10.1524 356-364 / DOI 10. /zkri.2007 # by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: cockcroft@img.cryst.bbk.ac.uk) three dimensions. As the unit cell of the perovskite structure, ABX 3 , contains one formula unit, that of the elpasolite structure, A 2 BMX 6 , must contain eight subunits, (4 Â ABX 3 ) þ (4 Â AMX 3 ). Examples of compounds having the cubic perovskite structure, i.e. one based on corner-linked undistorted octahedra BX 6 at room temperature, include KNiF 3 , KMgCl 3 , and CsPbCl 3 (above 320 K); and oxides SrHfO 3 , BaCeO 3 , EuTiO 3 , and LaMnO 3 (Wyckoff, 1964) . Perovskite structures having lower symmetry are also very common: if the A cation is smaller than the dodecahedral hole at the centre of the cube, co-operative rotations of the BX 6 octahedra can occur leading to structures with tetragonal, orthorhombic, and even monoclinic symmetry (Glazer, 1975) . Alternatively, perovskite can be thought of as cubic close packed AX 3 layers, with similarsized A and X, and smaller B cations filling 1 = 4 of the octahedral holes to form a primitive cubic lattice.
From the later studies indicated above, the structure of elpasolite, A 2 BMX 6 , can be regarded as one based on corner-linked undistorted octahedra BX 6 and MX 6 in which B and M alternate along each of the three directions. This results in an interlaced face-centred arrangement of B and M cations. As with perovskite, the structure can be viewed as one based on cubic close-packed A 2 X 6 layers with the smaller B and M cations filling alternately 1 = 4 of the octahedral holes so as to form a face-centred cubic lattice. The facecentred arrangement of the B and M cations is driven by the difference in the surface charge density of the ions that favours an alternating arrangement over a random one, and hence a doubling of the perovskite cell. In addition to the instances reported above, other examples having the structure A 2 BMX 6 where A ¼ K, Rb, Cs, In, Tl; B ¼ Li, Na, K, Rb, Ag (A 6 ¼ B); M ¼ lanthanide; and X ¼ F, Cl, Br, I; and in terms of a formula, AB 0 B 00 MX 6 , where A ¼ Rb, Cs; B 0 ¼ K, Tl, Rb; B 00 ¼ Li, Na (A 6 ¼ B 0 6 ¼ B 00 ); M ¼ Sc; and X ¼ Cl, have been reported also (Meyer, 1982) .
Phase changes at low temperatures, with attempts at prediction (Krupski, 1989) , have been noted also in the lanthanide hexachloro-elpasolites. For rare earths having lower atomic numbers, changes in symmetry have been reported using various techniques (emission, excitation and absorption spectroscopy, birefringence, neutron scattering, and enhanced NMR) at 178 K for Ce, 159 K À 155 K for Pr, 140 K À 135 K for Nd, about 100 K for Sm, and about 98 K for Eu. The face-centred cubic symmetry, Fm 3 3m, reported at room temperature reduces to tetragonal symmetry, I4/m, involving co-operative rotations of the LnCl 6 octahedra centred on the metal about the [001] axis at the temperatures indicated (Foster, Richardson, 1985) . Retention of cubic Fm 3 3m symmetry to low temperatures for lanthanides having higher atomic numbers has been reported also: Dy to 10 K (Foster, Richardson, 1985) , Ho to 0.6 K (Bleaney, Stephen, Walker, Wells, 1981) (with Jahn-Teller distortion reported at 0.15 K (Nakajima, Suzuki, 1994) ), Er to 2.6 K, Tm to 4.2 K, and Yb to 10 K (Foster, Richardson, 1985) . Cs 2 NaYCl 6 appears to retain to 4.2 K its cubic Fm 3 3m symmetry obtaining at room temperature, even when doped lightly with a lanthanide, e.g., 1 to 5 mol% Pr, Sm, Eu, or Gd, although 25 to 30 mol% Pr or Sm doping was said to cause structural change (Schwartz, Watkins, O'Connor, Carlin, 1976; Foster, Richardson, 1985) . Departure from cubic symmetry in Tb was reported to set in below 20 K becoming constant below 10 K (Bleaney, Stephen, Walker, Wells, 1982) . A slightly smaller ionic radius among lanthanides having higher atomic numbers, a property that Y shares with this part of the rare earth series (Shannon, 1976) , could contribute less stress to the structure sufficient to allow the retention of the higher symmetry with decreasing temperature.
Distortions from face-centred cubic symmetry, Fm 3 3m, at room temperature have been reported also in series other than Cs 2 NaLnCl 6 . For example, while the structures at room temperature of compounds in the series Cs 2 NaMBr 6 (M ¼ Y, Sc, Ce À Lu) and Cs 2 LiMBr 6 (M ¼ Y, La À Er) were reported as that of elpasolite, those of Cs 2 NaLaBr 6 and low temperature forms of Cs 2 NaMBr 6 (M ¼ Ce À Gd) were noted as tetragonal. 'Hexagonal elpasolites', such as Cs 2 NaCrF 6 , Cs 2 NaFeF 6 , and Cs 2 NaGaF 6 , have been reported also (Meyer, Gaebell, 1978) .
Consequences of structure
A consequence of high symmetry, such as that of the elpasolite structure, is fewer crystal field levels, hence fewer routes for quenching electronically-and vibronically-excited states, resulting in lower rate constants for the decay of energy from excited to other states than is observed in systems having lower symmetry. The metals, M, in the series Cs 2 NaMCl 6 , where M ¼ Y x Ln 1-x , Ln ¼ lanthanide, X ¼ halogen, and x ¼ mole fraction, occupying as near perfect octahedral symmetry in an elpasolite structure as can usually be synthesised, with six chlorides surrounding the rare earth cation, have pure electric dipole radiative 4f-to-4f one-photon transitions forbidden by the parity selection rule. Electronic absorption and emission spectra of lanthanides tend to be dominated by magnetic dipole-permitted electronic origins and electric dipole-permitted vibronic origins. The probabilities of f-to-f magnetic dipole and vibronic transitions are relatively small.
The trivalent hexahalogeno-metal anion, [MCl 6 ] 3À , in the series above, where Ln is here the centre active spectroscopically, has ten lattice vibrations, six of them internal, three of which are ungerade: v 3 (t 1u ), v 4 (t 1u ), and v 6 (t 2u ) (Lentz, 1974; Tanner, 2004) . These odd parity vibrations can be found in the vibronic sidebands of the spectra of this high symmetry configuration (Tanner, 2004; Foster, Richardson, 1985; DePiante, Richardson, 1985; Foster, Reid, Richardson 1985) . Most lanthanides have energy levels sufficiently above the ground state to permit emission in and near the visible region of the spectrum (Richardson, Reid, Dallara, Smith, 1985; Epstein, Reader, 1982) . The accumulation of such factors, e.g., longer lifetimes, lattice vibrations (Ning, Tanner, Shangda, 2003; Flint, Stewart-Darling, 1981; Luxbacher, Fritzer, Flint, 1995a) , and crystal-field splittings, can facilitate the study of phenomena such as energy transfer (Bettinelli, Flint, 1991) , migration, and cross-relaxation (the transfer of energy between pairs of energy levels having isoenergetic separations) (Luxbacher, Fritzer, Sabry-Grant, Flint 1995b; Sabry-Grant, Flint, 1995) . Other phenomena observed include up-conversion (decay observed from a given energy level upon the population of a level at lower energy) (Campbell, Flint, 1996; Campbell, Humbs, Strasser, Yersin, Flint, 1997; Humbs, Strasser, Braun, Sabry-Grant, Drndarski, Flint, Yersin, 1997) , the behaviour of mixedion systems (the measured addition of an ion having properties that can influence those of a host) (Luxbacher, Fritzer, Flint, 1997) , and the effects of defects (Vasquez, Flint, 1996; Duckett, Flint, 1997) . As a continuum of perfect structure is not supported thermodynamically, defects can reduce locally the symmetry of the trivalent lanthanide sites by distortions in the lattice. Non-centrosymmetric fields can be induced consequently in confined spaces so the f-to-f transition dipoles of the lanthanide ions can be increased sufficiently to allow short-term increases in rate constants to be seen sometimes in association with relatively long lifetimes. Such phenomena can often be observed at low as well as room temperature.
In view of the consequences arising from the symmetry found in the elpasolite structure, it is perhaps surprising that crystallographic studies at low temperatures and of dilutions of the active centres have not been found in the literature.
Experimental Preparation and sample handling
Samples of Cs 2 NaY x Ho 1Àx Cl 6 were prepared according to the Bridgman technique (Morss et al., 1970) . The reagents, CsCl, NaCl (BDH), and 99.99 per cent purity Ho 2 O 3 and Y 2 O 3 (Berkshire Ores), with 'Aristar' grade concentrated hydrochloric acid, sufficient for a calculated 6 mmol of sample, were heated until the product began to deposit when the hot plate was switched off and the beaker shielded partially from the heat in order to avoid the formation of the oxychloride. The dry, white, powdery product was radio-frequency heated and evacuated for two days, sealed hermetically, then heated slowly for a further three days at 850 C and allowed to cool slowly in order to permit the product to fuse gradually from the melt. Once the hermetic seal was broken, the crystal was stored in a strongly-desiccating, sealed atmosphere in order to prevent the ingress of moisture.
Samples for PXRD were prepared by grinding a small quantity of polycrystalline material in an agate mortar in a dry nitrogen atmosphere, then passing through a 38 mm sieve, and flame-sealing in 0.2 mm internal diameter, borosilicate glass, capillary tubes. It was crucial to sieve all samples given the exceedingly high absorption cross-section of the material and to fill uniformly each capillary to a similar density so as to avoid over-packing of the powder. Despite this procedure, the occasional sample still gave problems with analysis, and absolute absorption corrections were not possible, especially given the natural variation in capillary bore size.
X-ray data collection
PXRD data were collected using a Stoe STADI-P diffractometer equipped with a copper anode, Ge 111 primarybeam monochromator, and a small linear position-sensitive detector (PSD) covering approximately 5 in 2q. Samples were cooled down to 100 K using an Oxford Instruments' CryoJet cold-nitrogen jet stream for collection of low-temperature X-ray data. At the lower temperatures, a higher shield flow was used in order to avoid sample icing. The same device was also used for heating samples up to 475 K. The vertical sample axis of the STADI-P diffractometer is particularly suited for non-ambient diffraction studies, e.g., with a cold stream. For very low temperature studies, a liquid-helium 'orange' cryostat based on a design by the Institut Laue Langevin, Grenoble, modified for laboratory powder X-ray diffraction and verticallymounted on an XY-translation stage, was used to cool a sample of Cs 2 NaHoCl 6 to 25 K. The cryostat was equipped with an in-house designed rotating-sample stick and centred with the aid of a telescope.
Whole-pattern PXRD data sets were collected on samples of Cs 2 NaY x Ho 1Àx Cl 6 at 120 K and at room temperature for a range of x from 0 to 1. High-quality diffraction data sets were collected covering the 2q range 13 to 106
in steps of 0.02 ; the PSD was moved in 0.1 intervals at 20 s per step, the counts from which were binned at 4 channels per point. Each pattern was collected twice, the data then checked for consistency, and merged. A stationary PSD centred at 94.5 2q was used to collect for 25 min peak positional data of the 10 2 0/8 6 2 reflections from Cs 2 NaHoCl 6 for the temperature range 100 K to 475 K in steps of 25 K.
Results
Cs 2 NaHoCl 6 analysis Data from the stationary PSD were analysed using the program XFIT (Coelho, Cheary, 1998) . The cubic 10 2 0/ 8 6 2 peak was fitted using a pseudo-Voigt peak-shape function producing a set of 2q values from which lattice parameters were derived as a function of temperature as listed in Table 1 . The determination of lattice parameter as a function of temperature using single-peak methods is potentially subject to systematic error in the event of poor diffractometer alignment and monochromator drift because of changes in laboratory ambient temperature: for these experiments, the diffractometer was precisely aligned prior 358 R. Sabry-Grant, M. Vickers and J. K. Cockcroft Table 1 . Values of the lattice parameter of Cs 2 NaHoCl 6 as a function of temperature. to measurements being taken and the instrument was checked regularly for stability of alignment using a NIST standard 640b silicon sample with a 111 reflection at 28.443 2q. The straight line displayed in Fig. 1 for the thermal expansion above 100 K demonstrates the reliability of the instrument since data on the sample below 300 K were collected many months prior to data collected on the same sample to 475 K. As a further check on reproducibility, lattice parameters were obtained on both heating and cooling cycles for temperatures above and below ambient.
Additional lattice parameters for Cs 2 NaHoCl 6 were obtained by Rietveld (1969) refinement of the structure (as discussed below) at 25 K, 120 K and 294 K. Some of these results were obtained 6 -18 months prior to the single peak data. For the two higher temperatures, the lattice parameters obtained via whole-pattern method agree well with those obtained via the single-peak method as seen in Fig. 1 . The deviation from straight-line behaviour as observed for the lowest-temperature data point is consistent with a simple Einstein model (David, Ibberson, Matsuo, 1993) :
where E is the Einstein temperature, a 0 is the lattice parameter at 0 K, and a is the coefficient of linear expansion. Least-squares fitting gave the values 50(12) K, 10.636(2) A, 2.98(2) Â 10 À5 K À1 for E, a 0 , and a, respectively, and the calculated line shown in Fig. 1 .
Cs 2 NaY x Ho 1-x Cl 6 whole-pattern analysis Inspection of the full powder patterns for Cs 2 NaHoCl 6 at room temperature and 25 K showed no evidence for any deviation from face-centred cubic symmetry even on cooling to low temperature, consistent with spectroscopic studies (Amberger, et al., 1976; Meyer, Linzmeier, 1977; Foster, Richardson, 1985; Bleaney, et al., 1981) . Furthermore, all samples of the yttrium-substituted compound, Cs 2 NaY x Ho 1Àx Cl 6 , showed identical lattice symmetry to that of the x ¼ 0 salt. The structure of Cs 2 NaY x Ho 1Àx Cl 6 was refined at both room temperature and at 120 K using the program PROFIL (Cockcroft, 2005) in space group Fm 3 3m. The results are given in Table 2 with derived interionic distances being listed in Table 3 for the instances of x ¼ 0 and 1. A typical fit to the data is shown in Fig. 2 . The variation of lattice parameter with mole fraction, x, in Cs 2 NaY x Ho 1-x Cl 6 is shown in Fig. 3 . At both 120 K and 294 K, the applicability of Vegard's Law (Vegard, Schjelderup, 1917 ) to this system is demonstrated by the linear variation of a with x where a(x) ¼ a(Cs 2 NaHoCl 6 ) þ mx with fitted values of a(Cs 2 NaHoCl 6 ) and m equal to 10.6666(3) A and 0.0059(3) A at the lower temperature and 10.7215(6) A and 0.0065(9) A at room temperature, respectively. Site occupancy refinements confirmed that the yttrium always substitutes for octahedral holmium at 4a m 3 3m (0, 0, 0) without displacing sodium at 4b.
Transmission geometry is potentially a big problem for samples containing heavy elements, especially for laboratory PXRD, though fortunately in this case the holmium absorption L I , L II , L III edges lie just below the wavelength of Cu ; the 2 anisotropic displacement parameters for Cl À ; peak-width parameters U, V, W; and 2q offset and pseudo-Voigt mixing parameters. R-factors are calculated using background subtracted values of y i (obs) and y i (calc), where the background was determined by graphical means. The ionic form factor f(2q) and anomalous dispersion terms f 0 and f 00 relating to all ions for Cu K a radiation (l = 1.54056 A) were taken from the International Tables for Crystallography, Vol. C, 1995, Table 6.1.1.4. 1995, Table 4 .2.6.8). One solution is to dilute samples with lightly absorbing materials, either in polycrystalline form, e.g., diamond, or in amorphous form, e.g., various organic polymers, but these result in either additional peaks or higher background counts. An alternative solution, as used here, is to work with narrow bore capillaries and to include a model for severe absorption within the Rietveld refinement procedure. The linear absorption coefficients, m, for Cu K a radiation range from 655 to 720 cm À1 for x ¼ 0 to x ¼ 1 in Cs 2 NaY x Ho 1Àx Cl 6 . Assuming a typical packing density of around 50%, calculated values of mR (where the capillary radius, R, is equal to 0.1 mm) range only from 3.3 to 3.6, whereas the linear transmission values range from 0.14% to 0.075%. Under these absorption conditions, the post Rietveld-refinement corrections as discussed by Hewat (1979) do not apply and it is essential to include the absorption as part of the model in the least-squares refinement of the structure. In practice, the packing density varies and an absolute value for the absorption factor cannot be used. In addition, the large values for mR require perfect alignment of the sample and diffractometer for reliable data to be obtained. Table 2 , the value of mR was fixed at 4.0 as this provided the best fit in most cases. However, for the room temperature sample with x ¼ 0.025, poor fits were obtained (even when the experiment was repeated) and it was suspected in this instance that the packing density was significantly different from that of the other samples for reasons as yet unknown. For Cs 2 NaHoCl 6 , atomic displacement parameters ranged from B iso (Cs) ¼ 2.9(1), B iso (Na) ¼ 2.5(4), B iso (Ho) ¼ 1.4(1), B 11 (Cl) ¼ 1.4(2), and B 33 (Cl) ¼ 3.8(1) A 2 at room temperature to B iso (Cs) ¼ 2.0(1), B iso (Na) ¼ 2.2(3), B iso (Ho) ¼ 1.5(1), B 11 (Cl) ¼ 1.6(2), and B 33 (Cl) ¼ 360 R. Sabry-Grant, M. Vickers and J. K. Cockcroft 2.4(1) A 2 at 120 K. These values should not be treated as absolute given their sensitivity to sample transmission. However, atomic displacement parameters do show a general reduction with decreasing temperature, especially for the Cs þ cation and Cl -anion as to be expected. The PXRD data of Cs 2 NaHoCl 6 at 25 K were collected during the commissioning phase of the liquid-helium cryostat when there were teething problems with the instrumentation. In particular, condensation of water on to the outer window reduced the quality of the intensity data without affecting the peak positions. Consequently, a reliable value for the lattice parameter, 10.6389(3) A, has been determined and the other structural parameters obtained via Rietveld refinement have not been tabulated.
For all of the refinement results listed in

Discussion
Structure of elpasolite
Depending on the relative sizes of the cations, compounds having the formula A 2 BMX 6 can adopt the elpasolite structure shown in Fig. 4 . In an 'ideal' elpasolite containing identically-sized B/MX 6 octahedra, the halide anions would be expected to lie mid-way between the cations, B and M. For unequal ionic radii of B and M, the anions can lie closer to either one or the other. For the compound Cs 2 NaY x Ho 1Àx Cl 6 , there is little variation in the chlorine atomic coordinate, which has a mean value at 120 K of 0.2446(6) across the range of x, and so consequently the halide anions lie closer to the Y 3þ /Ho 3þ cations than to the Na þ cations. From this value, the following mean values for the effective ionic radii of r Cs , r Na , r Y/Ho , and r Cl at 120 K can be derived as 1.886(1) A, 0.798(2) A, 0.764(2) A, and 1.886(1) A, respectively, assuming close-packed halide anions and caesium cations. The radius, r Cl , is a mean of two distinctly different values, 1.927 A and 1.846 A, derived from the slightly differentsized BX 6 and MX 6 octahedra. At room temperature, the corresponding values are: 1.896(1) A, 0.818(3) A, 0.766(3) A, and 1.896(1) A.
Ionic radii are coordination-number-dependant: the anion coordination number for Cs þ , Na þ , and Y 3þ /Ho 3þ are 12, 6, and 6, respectively, while the anion has an effective coordination number of 12 provided by 8 Cl À and 4 Cs þ ions. These radii differ significantly from those listed by Shannon (1976) , from whose values a lattice parameter of 11.08 A would be obtained for Cs 2 NaY x Ho 1Àx Cl 6 , approximately 0.35 A larger than that obtained here. This shows that the values of ionic radii determined here are not necessarily transferable to other structural types, e.g. NaCl, but pertain to ionic compounds having the elpasolite structure. Given the mean value of 0.764(2) A for r Y/Ho at 120 K and the results derived from the lattice parameter measurements (in which it is shown that yttrium is 0.0059(3) A larger than holmium), the ionic radii of Y 3þ and Ho 3þ at 120 K can be determined as 0.767(2) A and 0.761(2) A, respectively, in elpasolite.
The substitution of holmium by yttrium has little effect on the crystal structure given the similarity of size and charge of the cations. The most likely composition to show any yttrium-holmium ordering is the equimolar one, but no ordering was observed. This is consistent with random substitution of holmium by yttrium for all compositions. Refinements showed clearly that Y 3þ replaces Ho 3þ without displacing Na þ from its site within the crystal structure. This indicates that the doubling of the perovskite unit cell that constitutes elpasolite is a charge driven process with alternating 3þ and 1þ cations along a. Diffraction measurements are unable to show whether there is any short range clustering of either Y 3þ or Ho 3þ . For the perovskite structure ABX 3 , a reduction in temperature can lead to phase transitions driven by the need to reduce the volume occupied by the dodecahedrally-coordinated A cation at the centre of the perovskite cube. However, the elpasolite structure of Cs 2 NaHoCl 6 remains face-centred cubic down to 25 K with the Na þ and Y 3þ / Ho 3þ cations retaining perfect octahedral (O h ) symmetry in agreement with earlier spectroscopic work (Bleaney et al., 1981) and prediction (Krupski 1989) .
Theoretically, co-operative rotations of the MX 6 octahedra could occur also about h111i keeping the structure cubic, but in this instance the face-centred cubic spacegroup symmetry would be reduced to Pa 3 3, which is one space group suggested originally by Menzer (1932) for the mineral elpasolite. In this case, the anions are no longer constrained to lie on the edges of the cube (Wells, 1984) . Although no evidence was observed for this, very small deviations from face-centred cubic symmetry, e.g., in which the anions are no longer constrained to lie along the cubic cell edge, are difficult to observe by powder Xray diffraction given that the diffraction pattern is dominated by heavy atoms on special positions. Indeed, the study of small deviations from the ideal in ABO 3 type structures has classically been one of the principal uses of powder neutron diffraction as the latter technique provides a much higher sensitivity to the position of lighter atoms.
Variation of lattice parameter in Cs 2 NaY x Ho 1-x Cl 6
Previous values for end members at room temperature of the composition Cs 2 NaY x Ho 1Àx Cl 6 were reported as 10.7315(15) A (Morss et al. 1970) for Cs 2 NaYCl 6 and as 10.726 A (Amberger et al., 1976) and 10.72 9 A (sic) (Meyer, Linzmeier, 1977) for Cs 2 NaHoCl 6 . The current work gives values of 10.7275(2) A and 10.7220(2) A, respectively. The precision of the equipment used for these earlier measurements was unable to show the steady increase in lattice parameter with yttrium substitution as observed in this work. The results reported here demonstrate that the Y 3+ cation is slightly larger than that of Ho 3+ . Furthermore, the near perfect fit to Vegard's Law (Vegard, Schjelderup, 1917) for samples at 120 K is consistent with well-prepared samples.
Visible emission from X-ray excited states
At the end of the X-ray data acquisition on Cs 2 NaHoCl 6 at 120 K, the cold stream was deflected away from the sample. A moment later, a distinct red glow was emitted by the sample with a duration estimated at between one and two seconds. This observation was noted several times and, subsequently, was captured as a sequence on video and as a highresolution picture with a long exposure (Fig. 5) . Given the large energy, equivalent to 64.9 Â 10 6 cm -1 , with which the sample was irradiated, an electron could be removed from a p-orbital of a Ho 3þ to create a Ho 4þ energy trap, which can be considered as a type of defect, arising from a transient form of radiation damage deep within an activated site. Running the video clip in slow motion indicated a double peak to the flash suggesting that there may be two or more types of defect involved. The defects observed earlier, under spectroscopic conditions, are understood to result from a localised lowering of symmetry that could arise, for example, from a residual oxygen centre escaping removal during sample preparation.
Using an AvaSpec-2048 fibre optic spectrometer with a range of 180-1100 nm, emission spectra were collected in 100 ms intervals as the sample was returning to room temperature. Those files containing emission data were summed and the results are shown as the solid line in Fig. 6 . It was observed that all samples of Cs 2 NaY x Ho 1Àx Cl 6 cooled to 120 K and irradiated for several hours in the X-ray beam emitted visible radiation on warming back to room temperature. Emission data for the sample with x ¼ 0.975, observed as white light, is shown as the dashed line in Fig. 6 . A range of intermediate colours was observed for samples having other values of x. As x is increased so the likelihood of cross-relaxation decreases, permitting emission from higher energy levels to give different colours and agreeing with spectroscopic studies (Luxbacher et al., 1995b and Sabry-Grant and Flint, 1995) .
The following emission peaks were noted for Cs 2 NaHoCl 6 : 15562, 15425, 15198, 15053, 14863 cm À1 consistent with transitions in holmium from the excited 5 F 5 state to the 5 I 8 ground state (Richardson et al., 1985) . Similar emission peaks in the red region of the spectrum of Cs 2 NaY x Ho 1Àx Cl 6 with x ¼ 0.975 were observed. In addition, other intense peaks were observed in the visible region as shown in Fig. 6 .
Thegenerationofdefectsites withtheX-raybeamitself may have implications for structural difference studies between ground and excited states measured using highly intense synchrotron X-ray beams and pulsed-laser sources. While a laboratory X-ray source, e.g., 10 7 ph.s À1 / 0.1% dl/l, is likely to generate relatively few defect-state holmium centres, the intense brilliance of modern third-generation synchrotrons, e.g., >10 14 ph.s À1 / 0.1% dl/l, may well bring about a significant proportion of active centres into a defect state. This raises the question: can the crystal struc- 6 . Plot of the emission spectra from Cs 2 NaY x Ho 1Àx Cl 6 with x ¼ 0 (solid line) and x ¼ 0.975 (dashed line) captured using a UV/ visible/IR spectrometer. Measurements were made every 0.1 s as the sample quickly warmed from 120 K to room temperature as a result of removal of the nitrogen cold stream. Plots shown correspond to accumulation of data during a 2 s period in which visible light was emitted. The data for x ¼ 0 has been scaled in intensity to match that for x ¼ 0.975. ture of highly-absorbing compounds in their unperturbed state be accurately determined in such circumstances?
Conclusions
Cubic symmetry down to low temperature is confirmed for the first time by PXRD for a member, holmium, of the lanthanide hexachloro-elpasolite salts, Cs 2 NaLnCl 6 . A comprehensive study of the system Cs 2 NaY x Ho 1Àx Cl 6 for x from 0 to 1 yields improved lattice dimensions for the end members and new values for the intermediate compositions at room temperature and 120 K. For samples such as those studied here and measured in transmission geometry, high-quality PXRD data suitable for structural studies can be obtained provided that great care is taken in aligning the diffractometer; in addition, the refinement model must include a correction for a highly-absorbing sample. Rietveld refinement of the structure confirms that the previously-accepted ideal model of elpasolite is basically correct and shows that the halide ions are pulled in closer to the lanthanide than to the Group I cation. Structure refinements show that trivalent Y 3þ replaces Ho 3þ randomly without disturbing Na þ consistent with a chargedriven structure, although short-range ordering is not precluded. The observation of emission spectra induced by X-ray irradiation from Cs 2 NaY x Ho 1Àx Cl 6 will be the subject of further study. 
